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The Electro-magnetic Theory of Light, as left by Maxwell, gave no 
explanation of dispersion, and led to conclusions in some respects 
inconsistent with the results of experiments on metallic reflection. 
There seems to he little doubt as to the general direction in which it 
would be necessary to modify that theory in order to give a satis- 
factory account of these phenomena. Electrical conduction has been 
considered by many to be inseparably connected with the motion of 
charged atoms, whilst the properties of a dielectric have been found 
to admit of an explanation on somewhat similar lines ; consequently 
it would appear necessary, where fluctuations in the electric field of 
frequencies as great as those of light are concerned, to expressly 
formulate the reactions of the atoms or molecules composing the 
medium through which the disturbances are propagated. The 
mechanical theories of light, when modified in a similar manner, have 
been found capable of giving a more or less comprehensive account of 
dispersion and metallic reflection; and it would appear that the 
assumptions necessitated in the present case are at least as admissible 
as those which have been made elsewhere. No doubt a theory with 
any pretension to finality must include a satisfactory account of the 
nature of the luminiferous ether and of electricity, perhaps even of 
the ultimate constitution of atoms ; and Mr. Larmor's investigations 
show how far we can even now go in this direction. On the other 
hand, a less comprehensive theory, depending only on the known lawB 
of electrical actions, may prove not without value, if, v/hilst explaining'' 
the observed phenomena, it enables us to form a clear mental picture 
of the processes involvecL 
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In wliat follows, I have endeavoured to extend Maxwell's theory so 
as to include dispersion and metallic reflection. The initial assump- 
tion that both conducting and dielectric media consist of molecules, 
each comprising (in the simplest case) two oppositely charged atoms, 
is essentially that made by Helmholtz in his paper on the " Electro- 
magnetic Theory of Dispersion."* The methods I have employed are 
however different, and my final results, though bearing a general 
resemblance to those obtained by Helmholtz, differ from them in some 
important particulars, besides being simpler and more directly related 
to the results of investigations on other theories of the nature of light. 
But besides the gain in simplicity and consequent physical definiteness, 
I have had other reasons for not following Helmholtz's method. The 
utility of employing the principle of least action in this case may be 
questioned, since the only difficulty appears to lie in formulating the 
reactions due to the charged atoms, and the nature of these reactions 
is implied in the energy equations assumed. Moreover, the energy 
equations obtained by Helmholtz are themselves open to criticism, 
and some of the results obtained do not reduce to Maxwell's equations 
when the terms involving the polarization of the dielectric are equated 
to zero.f 

2. This paper contains (I) a simple explanation of the fundamental* 
phenomena observed in connection with a state of steady electrical 
strain in a dielectric ; (2) a consideration of the law of propagation 
of electrical disturbances in a polarizable medium; equations are 
obtained which explain dispersion, both ordinary and anomalous ; (3) 
and a consideration of metallic reflection, especially in connection 
with Kundt's experiments on the velocity of light in metals. 

State of Steady JEJlectrical Strain in a Dielectric. 

3. It is here sought to explain Faraday's discovery, that the intro- 
duction of a material dielectric between the plates of a charged 
condenser, diminishes the potential difference between the plates. 

^ H. von Helmholtz, 'Wied. Ann./ 1893, vol. 48, pp. 389-405, 723—725. 
Translated by Dr. Howard in the * Electrician,' vol. 37, pp. 404 — 408. 

t Helmholtz's Theory of Dispersion lias been criticised by Bieff (* Wied. Ann.,' 
1895, vol. 55, pp. 82—94) and Heaviside ('Electrician,' vol. 37, Aug. 7, 1896). In 
addition it wonld appear that the employment of a term expressing the dissipation 
of energy (other than Rayleigh's "dissipation function") is inadmissible in the 
princii)le of least action (Larmor, ' Brit. Assoc. Eeport,' " On the Action of Mag- 
netism onLiglit," 1893 (!N'ottingham)) , The final equations obtained by Helmholtz, 
when the terms relating to the polarization of the medium are equated to zero, are 
of the nature 

B = cnrlE and --47rD = curl H, 

where B, E, D, and H represent the (vector) magnetic induction, electromotive 
intensity, displacementj and magnetic force respectively. They differ in sign from 
Maxwell's equations, 

2 F 2 
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Let us consider a dielectric mediunij other than the ether, to be 
composed of molecules each comprising, in the simplest case, two 
oppositely charged atoms at a definite distance apart. The yolame 
aotnallj contained by the atoms is provisionally assumed to be small 
in comparison with the volume of the interatomic spaces. 

In what follows the term axis of a molecule will be applied to the 
vector distance between a negative and its associated positive atom. 
In an isotropic medium the axes of the various molecules will, in the 
absence of electrical strain, be inclined indifferently in all directions, 
so that any element of volume will have no resultant electric moment. 
If now a difference of potential be established between any two 
parallel planes in the medium, the positive atoms will all move toward 
points of lower, and the negative atoms toward points of higher 
potential. As a result each element of volume will now possess a 
resultant electric moment. Also, if we define a molecular electric 
moment as the product of the atomic charge (taken as positive) into 
the vector distance between a negative and its associated positive 
atom, the resultant electric moment due to a strained element of 
volume containing a number of molecules, will coincide in direction 
with the direction of fall of potential. 

In the unstrained medium we may represent the several moments 
of the molecules contained in an element of volume by lines radiating 
uniformly from a point, and ending on the surface of a sphere,* 

To find the electric moment of an element of the strained medium, 
it is only necessary to determine the sum of the alterations of the 
component molecular moments in the direction of the fall of potential. 

4. Let P be the electromotive intensity at a point in the dielectric, 
and let q be the atomic charge, the distance between two associated 
atoms being h Then a molecule whose axis makes an angle with 
the direction of fall of potential, will be subjected to a couple 
Pql sin tending to decrease & and each atom will be subjected to a 
force Pg' cos ^ tending to increase ^. Assuming that the forces of 
restitution called into play by the displacement of the atoms are in 
both cases proportional to the linear displacements, we shall have 

I Al 

- = KiP^ sin 0, — = KgPg cos ^, 

where indicates the (infinitesimal) molecular rotation, and ^Al is 
the linear displacement of either atom in a line with the axis of the 
molecule. 

The increase of the component molecular moment in the direction of 
the fall of potential due to these strains, will be 

ql(p sin 0-\~qAl cos 0. 



# 



Maxwell's * Electricitj and Magnetism/ toI. 2, § 443. 
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Substituting for and AZ this expression becomes 

Also, if dv = the volume of the element of the dielectric, and if there 
are n molecules per unit volume, the number of molecules whose axes 
are inclined at angles between 9 and 0-\-d9 will be 

ndv . ,^ 

- — sm , do. 

Hence the resultant moment of the element dxi of the strained 
medium will be 

ndvVq^ I Ki sin^6> (^6» -}- Kg cos^6» sin d0 

= PMdv (1), 

if M = «2^(|Ki+|K,) (2). 

The electro-motive intensity, parallel to the direction of the fall 
of potential, due to this element of the strained medium, at a point 
distant r from it in a direction making an angle with the direction 
of the resultant moment, will be 

(l—Scos^a) 



FMdv 



^■.3 



Taking the point at which we wish to determine the electromotive 
intensity as origin, and the axis of x parallel to the direction of fall 
of potential, we shall have for the electromotive intensity due to a 
slab of the strained dielectric, perpendicular to x and at a distance x 
from the origin (if dx =: the thickness of the slab, and /i. = r sin 0) 



.or 

3x' 



The only slab of the dielectric which contributes anything to the 
electro-motive intensity at the origin is that lying between the 
planes at -—^dx and +^dx. The electro-motive intensity due to this 
will be 



lidh 

f/iH 



■VM,2^dx( ^^;^^.= -.47rPM. 

J /to./ CtX 



2 



Hence if D be the displacement other than that produced by the 
polarization of the medium 

P =:47rD-4 7rMP 
.'. P(l + 47rM) = 47rD (3), 
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Hence (I+^ttM) is the yalue of tlie specific inductive capacity 
measured in the electro-static system. In the electro-magnetic 
system (3) must be written 

where k is the dielectric constant of the ether, 

5. A few remarks may be made in connection wifch the assumptions 
made in the course of the above argument. An objection might be 
raised to the supposition that two oppositely charged atoms could 
remain in equilibrium at a definite distance apart. To this it may be 
replied that the form of the argument does not necessitate the 
assumption that electrical forces are the only forces acting ; and 
even if these were the only forces, it would be possible to account for 
the atomic separation by supposing both atoms to be revolving about 
their common centre of gravity. 

If the atoms are considered to be small conducting spheres, and if 
the volume actually occupied by the atoms is a large fraction of the 
volume occupied by the dielectric, a correction on the lines of the 
Mosotti-Olausius dielectric theory would become necessary. On the 
other hand, if electrical conductivity is inseparably connected 
with the motion of charged atoms, it would appear to be wrong to 
consider the atoms themselves to be conductors. 

If finite motions of the atoms were necessary to explain the 
properties of a dielectric, a treatment of the problem similar to that 
used by Weber, in his molecular theory of magnetism would be 
necessitated. It may, however, easily be shown that infinitesimal 
atomic displacements will account for the observed pheuomena. Take 
the case of two plane and parallel charged condenser plates. Let P be 
the electro -motive intensity at a point between the plates when 
charged m vacuo. If now, the charge remainingvtlie same, pure water 
is introduced between the plates, the electro-motive intensity will 
become 

P-— -^, 

if ^ =: the average molecular displacement. Taking Oohn and Arons's 
value for the specific inductive capacity of water, viz., 76, we have 

P 



P 



= 76. 
4 TrngS 



K 



Let P = 100 volts. Then, since ng will equal the total charge 
carxied by the oxygen in 1 gram of water, we shall have 



ll' . ^ Jl . ^ = 8 X lO-i^ 

76 10* 

12-5 X — X 9 X 10'^ 
9 
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Hence the magnitude of tlie displacement, necessary to account 
for tlie dielectric properties of a medium possessing the highest 
specific inductive capacity known, is small, even when compared with 
molecular magnitudes. 

In determining the fol'ce acting on a cliarged atom within a 
polarised dielectric, a difficulty arises somewhat similar to that expe- 
rienced when the force on a magnetic molecule within a magnet is 
sought.* The above metliod, I think, is not open to very serious 
objection, and as the results obtained give a fair explanation of the 
experimental facts, it may, perhaps, be tentatively adopted. 

[Added May 10. — ^Mr. Larmorf gives P + f7rI as a first approxima- 
tion to the value of the total electric field at a point within a polarized 
dielectric, I denofcing the intensity of electrification, or the electric 
moment of the polarized medium per unit volume. As a consequence, 
the Lorenz refraction equivalent is obtained, whilst the relation 
(^t'^— l)oo density follows from the reasoning employed in the present 
paper. Further, a dispersion formula, difiering somewhat from that 
of Ketteler, is obtained by Mr. Larmor ; it would be interesting to 
know with what degree of accuracy this formula is capable of repre- 
senting the dispersion of transparent substances, as determined, for 
instance, by Paschen and Rub ens. ;|] 

The following somewhat simple argument is submitted in justifica- 
tion of the assumption made above, that the field in a polarized 
medium is equal to P. 

Let the space between two plane and parallel condenser plates, 
separated by a distance small in comparison with the area of either, 
be filled with an isotropic polarizable medium, such as that assumed 
above. The molecules are assumed to be in a state of equilibrium 
amongst themselves when the two plates a.re at the same potential ; 
consequently the potential energy W, due to the small rotations 
01, f/f2, 03, ... . of the several Tnolecules com.posing the medium may be 
represented by a quadratic function of the form 

W = I {ai0iHct202^-f +2 6i20i024-2 6i30i03+ }• 

A similar expression would obtain for the potential energy due to 
the separation of the atoms within the molecules. The conditions 
connecting the various coefficients are such that W is essentially 
positive. 

Considering for a moment only the molecular rotations, the force 

* See Maxwell's ' Electricity/ vol. 1, p. 83, 1892 edition, footnote by Professor 
J. J. Thomson. 

t " A Dynamical Theory of the Electric and Lnminiferous Medium, Part III," 
' Phil. Trans.,* A, vol. 190 (1897), § 18-21, pp. 2B2--236. 

X Paschen, ' Wied. Ann.,' 1894, vol. 53, pp. 812—822 • Bnbens, ' Wied. Ann.,' 
1895, vol. 54, pp. 476—485. 
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of restitution Fi called into plaj by the rotation 01 will be equal 
to dwjdhi, wliere hi = -0i. Thus 

Fl = 7-{<^101 + &1202 + &l303+ .»..}. 

The first term represents the force acting on an atom of the mole- 
cule whose subscript is unity, when that molecule alone is displaced ; 
the succeeding terms represent the force on the same atom, due to 
the displacement of the remaining molecules throughout the medium, 
A number of relations, similar to those given by Maxwell,* may be 
deduced, but require no further notice here. 

Let the conducting surfaces, each of area A, and separated by a 
distance D, be charged by means of a battery to a constant potential 
difference Y. Let 0i, 02> 03* • • « be the molecular rotations produced„ 
If, when electrical equilibrium has been acquired, the molecular 
rotations are further increased hy d(^i, d(pz^ d(p^. * . , , the increment of 
electrical energy supplied by the battery will be equal to A . Vdl. 
Further, writing V = PD, we obtain for this energy B, the equivalent 
expressions 

E = AD . Fdli = F:21l2 sin #, 

where 2 indicates summation for the whole of the molecules tbrough- 
out the medium. Since, on releasing the molecules, the above amount 
of electrical energy will be returned to the battery (the resistance of 
leads being considered negligible), we must have 

Y^lq sin On d(j)n = ^2d(j)n {a?i0« -f &jzi0i + &??202 -f- .«..}» 

Since the d(piB are arbitrary, 

Vlq^ sin ^'i d<pi = 2c^0i{ai0i + 5i202 + &i303 -h .. = .}. 

Hence Ei = Pg sin 6i, Consequently the couple acting on a polar- 
ized molecule will be equal to that due to a field P. Further, if P 
= 4:7 <r, it is easily seen that 

J ai0i = 4 7r(T ,q sin O^, 

Similar reasoning will apply when the inter-atomic separations 
are considered. Consequently the total electrical field contributed 
by the molecules throughout the medium is numerically equal to 
47rli, and acts in a direction opposed to P, the result formerly 
obtained.] 



^ < 



Treatise/ yoI. 1, chap. 3, §§ 87, 88. 
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Tropagation of JElectrical Disturhances, 

6. Only a very slight modification of Maxweirs equations appears 
to be necessary in order to determine the law governing the pro- 
pagation of electrical disturbances in a polarized medium such as 
that previously considered. 

Let P, Q, R be the components of the electromotive intensity at a 
point, F, Gr, H being the components of the vector potential there. 
The electromotive intensity due to the displacement of the atoms 
may, if the velocity of the atoms is small compared with the velocity 
of light, be derived from a potential Y-^- 



Hence 



p=: - 



d¥ dAlr- 



Q = - 



dt 

da 



dx 



d'^ 



dt dy 



> 



(5), 



dH. d^lr I 

dt dz -^ 

Here it must be remembered that ^jr will be a function of t. 
We may define the vector potential so that 



In that case 



dF . da ^ dR 

j . j :3; Q 

dx dy dz 

dF dQ cin 2 , 

dx dy dz 







(6), 



since any element of volume, if taken so as to comprise a sufficient 
number of molecules, will contain as many positively charged as 
negatively charged atoms. 

Let a, 6, c represent the components of raagnetic induction. 

Then 

dll da 






dy dz ' 

with similar equations for h and c. 

Hence, from (5), 

da __ c^Q ^R"^ 

dt dz dy 



dt dx dz 

dc _ dV fZQ 

dt dy dx-^ 



(7) 
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These equations are identical witli tliose used hj Professor J. J. 
Thomson in his developments of MaxwelFs theory."^'' They express 
the law that however the electromotive intensity at any place may 
be modified "by the presence of the charg'ed atoms, its line integral 
round a closed curve will be equal to the rate of decrease of the 
induction through the curve. 

These equations differ from those obtained by Helniholtz.f 
7. If iX, ^, 7 are the components of the magnetic force, and u^ y, w 
those of the electric current, then 



4 TTIL 



dj 



cl/S 



dy dk 



d,(x, df'i . 

dz '^""^ 



« * s e 



(8). 



4 TTID 



dfS doc 
dyJ 



dx 



The current component u will include the total displacement 
current in the direction of x, f.e., not only that due to the variation 
of the induced electromotive intensity, but that also due to the 
continual alteration in position of the atoms throughout the medium. 
This will be equal to ft:P/47r. Mr. lieavisidej has further shown that 
in order to close the displacement current produced by a charge f , 
moving with a velocity %, we must add afc the position occupied by q 
a current element such that its moment is gt'i. Hence in the present 

case the value of ti will be given by ^ -f-Si^ ,, where ^qv^s indi- 

cates the summation, for unit volume, of the products of the several 
charges into their respective velocities parallel to the x axis. 
Hence (8) may be written 

d^ d/3- 
dy dz 



kF -j- 4 TT^qVx 



fc-Q-f 4 7rSgt?^ 



/cR + 4 77-^qV:^ 



do;, d^( 

dz dm 

dp da 

ds6 dy. 



P" •«>•«• »«8« 



9). 



* * Eecent Researches in Electricity and Magnefcism,' X3. 252. 

f The eqiiatiuns obtained by Helmlioltz, besides differing in sign from the corre^ 
spending equations of Maxwell, wonld lead to tlie conclusion that the displace- 
ment produced by the charged atoms is circuital. 

% O. Heaviside, ' Phil. Mag.,' April, 1889, p. 324 j see also J. J. Thomson, * Phil. 
Mng.j' April, 1881, July, 1889 ; also ' Eecent Besearehes,* p. 19. 
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For a medium whose permeability is unity, we sliall finally obtain, 
-eliminating a, /i, 7 between (9) and (7), 

8. Consider the propagation, parallel to the axis of ^, of a train of 
plane waves, the electrical disturbances being parallel to the x axis. 
(10) reduces to 

It only remains to express the last term on the right-hand side in 
terms of P. 

Consider a molecule whose axis, as previously defined, makes an 
angle with the axis of ^r. For simplicity, suppose both atoms com- 
prised in the molecule to have equal masses. It has been shown by 
Mr. Heaviside and Professor J. J. Thomson,^ that a charged sphere 
moving with a velocity small in comparison with the velocity of 



2 



2 a' 
light, has an apparent mass greater than its true mass by —-i-, 

3 a 
where q is the charge, and a is the radius of the sphere. When 

other charged spheres are moving in the neighbourhood, a further 

correction might be necessary. Let, then, m represent the apparent 

mass of either atom in the molecule. The differential equation for 

the rotational displacement of the molecule will be of the form 

4 dt^ 2 dt Ki2^ ^ 

Here 7 is the molecular viscosity, the other letters having the 
same meaning as in § 4. 

If 7 is so small that the time of free rotational vibration is not 
appreciably affected thereby, this equation may be written 

cP0 , 7 dd) , 47/-^ , 2qV . ^ 
dt^ m dt Ti ml 

where tj = 27r>v/(Kim) =r time occupied by a complete rotational 
vibration. 

^ O. Heaviside, ' Phil. Mag./ April, 1889 ; ' Electrical Papers,' p. 505 ; J. J. 
Thomson, * Recent Researches/ p. 21. 
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As we are here concerned only witli forced vibrations, and there- 
fore the particular integral of the above equation alone is required, 
we may write the solution to the above equation 

ml 
where Dr^ indicates the inverse of the operator Dj, and 



df m dt Ti'^ 

Similarly the equation to the atomic vibration along the axis of 
the molecule will be of the form 

d' /Al\ , d /AZ\ 1 AZ ^ ^ ^ 

The particular integral of this equation may be written 

. ■» 2g cos x-i-v --ip\ /"I o\ 

on 

where Do"^ is the inverse of the operator D2, and 

J. 'd^ r^ d 4i7r" 
-L/g ^^^ '"T" — ■■ 

df^ m dt T2 

It has been assumed that the coefficient of viscosity is the same 
for both kinds of vibration. 

Now the component of 2pv.^- contributed by the two atoms com- 
posing the molecule under consideration will obviously be obtained 
by differentiating with regard to time, the expression 

qlcj) sin © + q/Sd cos 6. 

Eliminating and AZ by the aid of (12) and (13), this expression 
becomes 

-^ {sin^^ (Dr'P) +cos2^ (D^-iP)}. 



mj 



HcBce employing precisely similar reasoning to that used in § 4, 
w^e finally determine that 2g%- will be obtained* by differentiating 
with regard to time the expression 

* \_Added June 13. — The possible presence of free ions, considered merely as 
isolated charged atoms, is not considered capable of materially affecting the dis- 
persion formula for light waves. This would follow no less from theoretical con- 
siderations than from such facts as that the absorption of dilute sulphuric acid is 
not appreciably different from that of pure water. For very long electrical waves 
the case would be different.] 
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m 



"It 



(i)r'P) sm'0de-}'(Dr''P) 



'tr 



cos^ sin do 



} 



n 
m 



2:{-l(Dr'P)+l(Dr^:p)}, 



'^ 22«... = ^^ {|(D -P)+f(D,-P)}. 



dt ^"'^ m dH 
9. Substitutms' tills value in (11), we obtain 



d' 



dz' 



P #P _ 4 miq^ ^ r 4 m -iP^ J. 2 /-n -ip% 1 



Performing tlie operation denoted by D1D2 on the wliole expres- 
sion, we get 



dz^ 



.|)(DA)P = -^'|,(fD,+fDOP .. (14), 



2nT 



Let 



P - Ai^Vr 



(s-vo 



<•<«*••••• 



(15). 



Then since DiP = f 't, — t — --{ r ) P, with a similar expression 

for D2P5 we obtain as the condition that (15) should be a solution 
of (14) 

f- 4 2 



47r^ 47r^ 

L/C 



m 



\ 



3 



"T" 



3 



\ 



47r 2 7rfy d^TT" 47r-' 27r7 4^' 



; 



Also K ~ — ;, where Vo is the velocity of propagation of electrical 
disturbances in vacuo. Substituting this and simplifying we obtain 



1.1 



jui- 



^ _l_ , 






7 






umiixiaaBmamM 






7 



(16), 



27rmT T T2 27rmT r^ 



Here n is the refractive index of the medium, and 



Ci 



4 
3 



m%7r 



f'2 — 3" 



For transparent media, 7 will be small, and the above equation 
may be written 



9 Ci . ^2 



^ <■ 
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Since both Cx and c% are directly proportional to n the number of 
molecules per unit volume, it follows that in a medium which can be^ 
compressed without appreciably altering t^ and Tg we shall have 

/i^— 1 oc density. 

When fi is very nearly equal to unity, this may be written 

^i—l oc density, 

which is Grladstone and Dale's well-known law. 

Further, the refractive index for infinitely long waves is obtained 
from the equation. 

_ 47rM 

which is the value obtained for the specific inductive capacity of a 
medium by (4). 

Further, we may re- write (15), 

^i — /-^ OC i" "1 " 2 » ~2 i ' 

T Ti" T T«" 

Also if VqTi = A 1 , YoTo r- x, , VoT = X, 

this may be written 



where 



9 

L = 


. . 1 c'X,"- c"X/ 
- /<■ cc l-xs- V' ' X^-X/ 


i 


2 ' t 1 



■ «a»e9»<>a9« IXll. 



This is Ketteler's dispersion formula, which he has shown is capable 
of representing the optical properties of a large number of substances 
over a great range of values of X. It is the same as that obtained by 
Mr. Glazebrook in his paper " On the Extension of Lord Kelvin's 
Contractile JSther to include Dispersion, &c.,"* and by a slight 
alteration in form reduces to Lord Kelvin's dispersion formula.f 
As its properties have been fully discussed in the papers referred to, 
nothing further need be said about it here. 

The molecular constitution considered above is, of course, the 
simplest imaginable. With a more complicatedlmoleculo, since each 

^' E. T. 0-lazebrook, ' Phil. Mag.,' December, 1888. 
t Lord Kelyin, Baltimore Addresses, 188 i. 
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atom may have ifcs own vibration periods, a mucli more complicated 
dispersion formula might be anticipated. In this connection the 
fact that the absorption spectra of the permanganates of potassium, 
sodium, lithium &c., are identical* appears to be very suggestive. 

For infinitely quick vibrations fi becomes equal to unity. If the 
radiations discovered by Rontgen are ultimately proved to be due to 
transverse periodic disturbances of the efcher, of very short wave 
length, this would explain why no refraction of these radiations is 
produced by material media. 

10, The application of (16) to explain the optical properties of crys- 
tals and metals is obvious. In a crystal the co-efficients of the terms 
involving tj and 7^ will depend on the direction of vibration, which 
will result in jn varying with the direction of propagation of light. 
Further, in accordance with a well-known mechanical principle 7 
must be taken into account, when t is nearly equal to tj or T3. In 
this case (16) may be reduced to the form 

^2 ^ E^' (cos 2(% 4- i sin 2^.) . 

Sin 2fiit is essentially positive, whilst cos 2a may be either positive or 
negative. This is generally considered sufficient to explain the 
optical properties of metals, and of the quasi-metallic aniline dyes 
when in a solid state. 

Kundt has pointed out that the velocity of red light in a metal is 
proportional to the electrical conductivity of that metal. A sug- 
gestive relation in this connection may be derived from (16). 

Let 2oc = 7r—2a!. Experiments with metallic films and prisms 
alike show that 2yJ is small for the majority of metals. We may 
write 

jii = fcli (cos a! — I sin a!). 

The real part of the refractive index is therefore equal to 

sin d . 

(16) may also be written in the form 

A'' =/(T) + t7r(T). 

7F(t) 



Then, since ^iyl^cc = tan 2a 



-/(-) ' 



H sin OL = — ^SLL — . y approximately. 
2v(-/(^)) 

Mr. Tomlinsonf has shown that in a number of cases the'molecular 
viscosities of metals are in the same order of magnitude as their 

^ ' Ostwald, 'Zoit8. Pliys. Chem./ yoI. 9, ^. 579. 
t H. Tomlmson, ' Phil. Tra.ns./ 1883, p. 168. 
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electrical resistances. Hence if 7 in tlie present instance might be 
identified witli tlie molecular viscosity as determined by Mr. Tom- 
linson, a connection similar to that derived experimentally by Kundt 
wonld be established. Calculating by the above approximate 
process the real part of the refractive index from Drude's experi- 
mental data, a fair agreement, as to order of magnitude, is found 
with the same quantity when calculated accurately. The agreement 
is not, however, close enough to explain the very accurate propor- 
tionality between the velocity of light in a metal and the conduc- 
tivity of the latter which Kundt's figures imply. Since, however, 
Pflliger has shown that the temperature co-efficients of the velocities 
of light and the conductivities are not of the same order of magni- 
tude, the process employed above may perhaps represent the nature 
of the physical connection between the two quantities to a sufficient 
degree oi approximation. , 

11. \_Added May 10. — Another relation of some importance can be 
readily obtained from (17) « It is a well-established experimental 
law, often made the basis of exact chemical determinations, that the 
CO- efficient of absorption of a solution of an absorbent substance 
in a transparent liquid is proportional to the number of molecules 
of the absorbent present in unit volume of the solution. A simple 
extension of the reasoning formerly used will give for the square of 
the refraction index of such a mixture the value 

o ^ , (^I'^h , __, <^2^2 /'^o^ 

^r = 1 +" "" "" " " +2 ■«-—•--—" " ' (1-^j? 





c^rio 




+ 1 1 +^- 1 


27r77n 


1 


n' -r'' 


^.2 



where Ci ni, ^1 are constants for the transparent medium, whilst 
<^25 ^^25 '^2j "^^^j a^nd 7 refer to properties previously defined of the 
dissolved absorbent substance. Further we may write 

/r = A + lUoB, 

where A, in dilute solutions, is nearly independent of the amount of 
colouring matter present, whilst 



B ~ 27rmT /-|q\ 

for a substpaice possessing only one absorption band, and is to a first 
pproximation independent of the properties of the solvent. 




a 



Then /r = R- (cos 27. ~\~ t sin 2x) = A + lUiB. 
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When oc is small, sin2ix = tan 2a 



X^ 



R^ = y(A^+ti2^B^) = A, approximately. 



Hence fx = \/A + 



£ 



yA 



Here n^Qj ^/A is tlie coefficient of absorption of the solution, and is 
proportional to ni, the number of molecules of tbe absorbent substance 
present per unit volume. Since it is essential that (19) should 
possess a well-marked maximum value for a certain wave-length (that 
of the light absorbed), additional evidence is obtained in support of 
the introduction of a viscous term into tbe equations to the atomic 
vibrations. 

The equation for the square of tbe refractive index, of a substance; 
like crystallized copper sulphate, which possesses marked selective 
absorption without exhibiting selective reflection to any extent,, 
might be represented by an equation of the form of (18) ; Tg, &c.,. 
now referring to the conditions of motion of a particular atom, the 
motions of the remaining atoms giving rise to the terms involving 

Ti, &C. 



''A Photographic Investigation of the Absorption Spectra of 
Chloropliyli and its Derivatives in the Violet and Ultra- 
violet Region of the Spectrum." By C. A. SoHUNOK. 
Communicated by Dr. E. SOHUNOK, F.R.S. Received- 
March 17,— Read March 24, 1898. 

[Plates 3, 4, 5.] 

As is well known from the investigations of Soret,* Gamgee,t and 
others, hsemoglohin and its coloured derivatives show a character- 
istic absorption band lying between the lines Gr and M of the solar 
spectrum. The band has been shown to vary in position between 
narrow limits ; in some derivatives it is nearer the red, and in others 
nearer the violet, end of the spectrum, and is of^ all the blood absorp- 
tion bands the most stable. 

The very near relationship that has been shown to exist by Schunck 
and MarchlewskiJ between phjdloporphyrin (a chlorophyll deriva- 
tive) and heeniatoporphyrin (a haemoglobin derivative), and the 
remarkable resemblance of their absorption spectra — one may almost 

* 'Arch, des Sciences Pbys. et Nat.,' vol. 61, p. 322; vol. ^yQ, p. 429. 
f 'Arch, des Sciences Phys. et Nat.,' Dec, 1895. 
X ' E.OJ. Soc. Proc.,' vol. 59, p. 233. 
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